Weakly coupled superconducting layers are described by the threedimensional XY model with strong coupling in two directions and weak coupling in the third direction. For the usual Josephson-type interplane coupling the coherence between the layers is lost at the same temperature as that within the layers. Thus a low-temperature layer decoupling due to a proliferation of fluxons between planes, as proposed by Friedel, does not occur in this case.
The Berezinskii-Kosterlitz-Thouless (BKT) transition 1, 2 , mediated by the unbinding of vortex pairs, has been clearly observed in superfluid films 3 . More recently, nonlinear transport experiments in layered high-temperature superconductors 4 have also shown typical signatures of vortex unbinding slightly below the critical temperature T c . This is surprising, since the Josephson coupling between the layers renders the system three-dimensional, in particular close to T c . Specific heat experiments for YBCO single crystals indeed give evidence for three-dimensional critical behavior 5 .
Some time ago Friedel 6 has argued that the interlayer coupling could be effectively suppressed by a proliferation of Josephson vortex loops or fluxons between the layers. A simple estimate for the fluxon energy suggests that the layers are decoupled at a temperature T * < T c , so that there would be a two-dimensional regime for T * < T < T c , with a BKT transition at T c . Unfortunately, a closer look at the problem 7 indicates that this "Friedel transition" does not occur below T c 8 . Therefore the question arises why nevertheless in nonlinear transport experiments BKT signatures are clearly observed. A way out of this dilemma has been offered by Jensen and Minnhagen 9 , who realized that the Lorentz force acting on the vortices can overcome the interlayer confinement of vortex pairs.
In this Letter we study again the possible existence of a two-dimensional regime below the critical temperature, starting from the classical XY model with strong intralayer coupling J and weak interlayer coupling J ⊥ . A simple criterion for the decoupling transition together with Monte Carlo simulations shows that a layer decoupling below T c does not occur, in agreement with previous studies 8 . We attribute this negative result to a strong increase of the fluxon energy as a function of temperature. We turn then to the question whether a decoupling can be excluded on general grounds, by considering two modified XY models.
For the first model, representing a superlattice of high and low T c layers 10 , a decoupling seems to occur around the low T c , but a closer look shows that this apparent transition is in reality a crossover from strong to weak interplane coherence. In the second model a modified interlayer coupling is considered, allowing for n equivalent phase differences for the superconducting order parameters of adjacent layers 11 . In this case a decoupling at T * < T c is clearly observed for n > 2.
Incidentally, the problem is of more general relevance, as the question of long-range coherence arises also in other quantum systems. One can for instance ask whether a disordered layered system of electrons, with a large difference between the masses for the motion parallel and perpendicular to the layers, can be metallic in one and insulating in another direction.
Anderson has argued that this can happen, if electron-electron interactions are taken into account 12 . A measure for quantum coherence in the case of electronic transport is the Drude weight or charge stiffness, while in the context of superfluidity the relevant quantity is the superfluid density ρ s (or the helicity modulus, in the language of the XY model).
We consider the classical XY model on a cubic lattice
where µ = x, y, z, J x = J y = J , J z = J ⊥ , and the phases are restricted to 0 ≤ ϕ i < 2π.
This model can be derived from the anisotropic Ginzburg-Landau or the Lawrence-Doniach model by neglecting both the fluctuations of the electromagnetic field and the amplitude fluctuations of the order parameter. There are good arguments for doing this , although these degrees of freedom may become relevant within the critical region 13, 14 . The helicity modulus Υ µ is defined as the second derivative of the free energy with respect to a constant phase gradient in the direction µ, and can be written as
According to Friedel's original suggestion 6 , for very weak interlayer coupling Υ ⊥ would vanish at a lower temperature than Υ , leaving an intermediate temperature region of essentially 2d character.
We present now a simple argument against a layer decoupling below the critical temperature, by expanding Υ ⊥ in powers of J ⊥ . The leading order coefficient (∼ J 15, 16 , which implies that the quantity S is infinite below the BKT transition. We tentatively associate the temperature where S diverges with the transition from an effectively 2d phase of decoupled layers to a 3d phase with finite Υ ⊥ . According to this criterion the decoupling transition temperature T * coincides with the critical temperature T c = T KT in the limit J ⊥ → 0.
In order to gain a qualitative understanding of the temperature dependent helicity modulus, we first use the renormalized harmonic approximation (RHA), where the Hamiltonian (1) is replaced by an effective harmonic term
with variational parametersJ µ . These parameters turn out to be identical to the helicity moduli,J µ = Υ µ . The anisotropy Υ ⊥ /Υ diminishes with increasing temperature, but remains finite up to the critical temperature, where both Υ ⊥ and Υ drop to zero discontinuously ( Fig.1) . We have also performed Monte Carlo simulations using the standard Metropolis algorithm. The results presented in Fig.1 show that the jumps obtained in the RHA are artifacts and that the helicity moduli tend to zero continuously. We note the excellent agreement between the two methods at low temperatures, as expected. Our numerical results for J ⊥ = 0.1J are consistent with a simultaneous loss of coherence parallel and perpendicular to the layers at T c ≈ 1.33J . Therefore the temperatures T * and T c coincide, in agreement with the simple criterion discussed above.
We focus now our attention on the role of fluxons by considering an approximate version of the XY model, where the nonlinearity is retained only for the interlayer coupling,
This is an excellent approximation for the original XY model for T ≪ J . The helicity modulus parallel to the layers is constant and given by Υ = J . In order to calculate Υ ⊥ we treat the nonlinear term using the Villain approximation 17 , which is very accurate both at low (T ≪ J ⊥ ) and at high temperatures (T ≫ J ⊥ ) 18 . The partition function is factorized into a term representing the in-plane harmonic fluctuations and the "fluxon contribution"
where the variables m i are integers. The interaction V ij is the Fourier transform of
where the effective interlayer coupling is given by
for βJ ⊥ ≪ 1. We notice that V ij is exactly equal to the interaction energy of two elementary 
, where n is an arbitrary positive integer (≥ 2). Although such a term cannot be excluded within Ginzburg-Landau theory, it would in general be expected to be much smaller than the conventional term with n = 1.
We consider first a superlattice consisting of one "strong" layer with intralayer coupling
, alternating with n "weak" layers with J (2) < J (1) , and a constant interlayer coupling J ⊥ . The Monte Carlo results (Fig.3) show that nothing spectacular happens for n = 1.
For n = 3, however, the helicity modulus Υ exhibits a kink slightly above the low T c (≈ J (2) ), while simultaneously Υ ⊥ drops practically to zero. There is apparently a region with vanishing interlayer coherence between this temperature and the critical temperature We turn now to the second modification where the interlayer interaction is replaced by 
For the exponent η n we use the relation 20 η n = n 2 η together with the numerical values for η(T ) 16 . The criterion η n (T * ) = 1 yields decoupling temperatures T * n in good agreement with those found in the Monte Carlo simulations for n = 3, 4. For n = 2 the reported value 
